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Abstract The mechanism of the NSa°-methenyltetrahydrofolate 
synthetase reaction was probed by determining the source of the 
oxygen atom introduced between the l]- and y-phosphates as 
ATP is converted to ADP and Pi. The reaction was performed 
using a mixture of [laO]- and [160]NS-formyltetrahydrofolate in 
the presence of [t6OlH20 and using [~60]NS-formyltetrahydro- 
folate in the presence of a 1 : 1 mixture of [~sO]H20 and [160]H20. 
3~p NMR spectroscopy was used to examine the products. It was 
found that 1sO from the formyl group was incorporated into P~, 
and that ~sO was not incorporated from the solvent. The results 
are consistent with a mechanism involving pbosphorylation of the 
formyl group at the N 5-position, followed by displacement of the 
phosphate by the 10-nitrogen. 
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I. Introduction 
N-LFormyltetrahydrofolate has been used for a number  of 
years to rescue cancer patients from a tetrahydrofolate defi- 
ciency after treatment with methotrexate. In addition, this fo- 
late derivative is known to potentiate the ant i - tumor effects of 
5-fluorouracil [1]. The enzyme NS'~°-methenyltetrahydrofolate 
synthetase is responsible for both of these effects by bringing 
the NS-formyl derivative into the metabolic pool (Eqn. 1) [2]. 
Mg 2+ 
NS-CHO-H4folate + ATP ~ NS~°-methenyl-H4folate + 
+ ADP + P~ (1) 
NS-Formyltetrahydrofolate also occurs natural ly as one 
member of the pool of folate one-carbon units, probably arising 
from the hydrolysis of N 5"~°-methenyltetrahydrofolate by serine 
hydroxymethyltransferase, a second catalytic activity of the 
latter enzyme [3]. A l though in the past it was thought that 
NS-formyltetrahydrofolate was inert as a normal meta- 
bolic intermediate, it is now thought  to play a metabolic role 
[41. 
The mechanism of the synthetase has not been thoroughly 
investigated. A plausible mechanism involves phosphorylat ion 
of the NS-formyl group by ATP followed by displacement of 
the phosphate by the 10-nitrogen (Fig. 1) [2]. This mechanism 
predicts transfer of the formyl oxygen to the leaving ),-phos- 
phate of ATE We investigated this possibility using tsO-labeled 
substrate and 3tp NMR spectroscopy. 
*Corresponding author. Fax: (1) (913) 864-5321. 
2. Materials and methods 
NS~°-Methenyltetrahydrofolate synthetase has been purified from 
bacterial [5] and animal [6,7] sources. We used cow liver as a source and 
followed a modification of the procedure of Bertrand et al. [7] to puril} 
the enzyme. The steps included ammonium sulfate precipitation and 
successive chromatographic steps using hydroxylapatite, matrex-red A, 
and folinate-Sepharose. The enzyme preparation contained no ATPase 
activity measured over a 20 h period. The resulting protein showed 
a single band on SDS-PAGE with a molecular mass of 25 kDa and 
had a kca t value of 3.5 min -~. NH~-Formyl-tetrahydrofolate synthe- 
tase was purified from E. coli strain JM109 transformed with a Blue- 
script vector carrying the CIostridium <vlindrosporum gene for the 
enzyme [8]. 
NS-Formyltetrahydrofolate containing ~O in lhe formyl group was 
synthesized by hydrolyzing NSl°-methenyltetrahydrofolate in 50% 
[tSO]H20. A solution of 220 mM NS-formyltetrahydrofolate in 50 mM 
2-mercaptoethanol was converted to the methenyl derivative by adjust- 
ing the pH to 2 with 6 NHCI and incubating for 1 h at room temperature 
[9]. The solution was taken to dryness. To prepare ~O-containing 
NS-formyltetrahydrofolate, 70 mg of the methenyl compound was 
added to 2 ml of 50% [~80]H20 containing 50 mM 2-mercaptoethanol 
and 0.1 M Na2CO 3 adjusted to pH 12 with NaOH and preheated at 
100°C (10). The solution was heated for an additional 1 h at 100°C. 
After adjusting the pH to 8, the product was purified on DEAE- 
cellulose [11], lyophilized and chromatographed on Biogel-P2 to re- 
move salts. The t3C NMR signal of the NS-formyl group shown in Fig. 
2 contains a doublet consistent with an 180 content of about 43%. The 
two signals are separated by 0.026 ppm, the expected ifference [12]. 
[~60,tSO]Formic acid was prepared by incubating formic acid 98% 
[180]H20 (Cambridge Isotope Laboratories) in 0.3 M HC1 in a sealed 
tube at 140°C for 7 days. The ~3C NMR spectrum showed three signals 
for [1602]- , [160,180]-, and ['802]formic acid separated by about 0.025 
ppm. 
The N~°-formyltetrahydrofolate synthetase r action was carried oul 
in a 1 ml volume containing 0.1 M triethanolamine, pH 8.0, 0.1 M 
2-mercaptoethanol, 5 mM ATP, 10 mM MgCI2, 2 mM (R,S)-tetrahy- 
drofolate, 50 mM KC1, 40 mM sodium formate, and 30,ug enzyme. The 
sodium formate was a mixture of the [~60,~80]formate synthesized 
above and [~602]formate such that the final ~O content of the total 
formate was about 50%. After incubation for 40 min at 37°C the 
solution was placed on ice and added to a small column containing 200 
mg of activated charcoal sandwiched between 1 ml volumes of Chelex 
100 (Bio-Rad). The column was centrifuged at 1500 rpm for 5 rain and 
ashed with another 2ml of H20. The combined eluants were lyophilized 
and the dried material suspended in 0.5 ml H,O containing 10% D20 
and 2 mM EDTA. The pH was adjusted to 8 with KOH. The final 
solution contained 0.8 mM P, 
The NS'~°-methenyltetrahydrofolate synthetase r action was carried 
out in a 1 ml volume containing 50 mM MES, pH 6, 5 mM ATP, 12 
mM Mg(OAc)2, 5 mM [~60,~80]NS-formyltetrahydro folate containing 
43% ~80, 14 mM 2-mercaptoethanol, and 30,ug enzyme. Incubation was 
for 90 min at 37°C. The reaction was cooled on ice and the P, recovered 
from a charcoal-Chelex-100 column as described above. The reaction 
was also done in 50% [180]H20 using [160]NS-formyltetrahydrofolate. 
P~ was determined by a modification of the Fiske-Subbarow method 
[13] in a total volume of 1 ml. t3C and 31p NMR spectra were recorded 
at 125.7 MHz and 202.4 MHz, respectively, on a Brucker AM- 
500 spectrometer. Chemical shifts are reported relative to sodium 
3-(trimethylsilyl)propionate d4 for ~3C, and external 85% H~PO4 for 
31p. 
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R = benzoy lg lu tamate  




Fig. 1. Proposed catalytic mechanism ofNS'~°-methenyltetrahydrofolate 
synthetase. The mechanism proposes the formation of an iminium 
phosphate (reaction 1) which converts to a phosphoimidazolidine (reac- 
tion 2) and, after elimination of phosphate, to the methenyl derivative 
(reaction 3). 
3. Resu l ts  and d iscuss ion  
As a positive control to ensure that we could detect the 
formation of a mixture of [~604]P i and [~80,1603] PI, we used the 
enzyme Nl°-formyltetrahydrofolate synthetase. The reaction 
catalyzed by this enzyme involves the phosphorylation of for- 
mate by ATP and transfer of the formyl group to nitrogen-10 
[14]. In the process one oxygen from formate is incorporated 






Fig. 2. ~3C NMR spectrum of the synthesized [t60,tSO]NS-formyltetra- 
hydro folate showing the formyl signal. The solution contained 29 mM 
of the compound in 10% D20 at pH 7. 
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I0  Fig. 3.3~p NMR of the phosphate produced in the N -formyltetrahy- 
drofolate synthetase reaction performed using [160,IsO]formate. The 
phosphate concentration was 0.8 mM. 
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31 5 l0  Fig. 4. - P NMR of phosphate formed in the N " -methenyltetrahydrofolate synthetase r action. (A) Signal of the phosphate produced in the reaction 
16 18 5 performed in [160]HzO and using [ O, O]N -formyltetrahydro folate. (B) Signal of the phosphate produced in 50% [~SO]H20, 50% [~O]H20 using 
[~60]NLformyltetrahydrofolate. The phosphate concentration was 1.4 mM in A, and 0.9 mM in B. The difference in chemical shift for the P. signal 
in A and B is due to a small difference in the pH of the samples. The chemical shift of P~ is sensitive to pH in the pH range of 6 8. 
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~80. The NMR signal of the Pi formed in the reaction (Fig. 3) 
appeared as a doublet separated by 0.019 ppm, consistent with 
the presence of both species of Pi [16]. The content of the 
[~80,O3~6]isotopomer is 39%. This is lower than the expected 
value of 50%, and is due to a small contamination of P~ in the 
ATE 
The NS-methenyltetrafolate synthetase reaction was per- 
formed using a mixture of 43% ~sO and 57% [160]NS- 
formyltetrahydrofolate. The P~ formed in this reaction also 
showed a doublet signal in the NMR spectrum (Fig. 4A). On 
the other hand, when the reaction was done using [160]NS- 
formyltetrahydrofolate in 50% ~6[O]- and 50% ts[OlH20, the P~ 
signal was a singlet (Fig. 4B). 
The results of these experiments clearly show that the oxygen 
atom from the formyl group of NS-formyltetrahydrofolate is 
transferred to the leaving 7-phosphate of ATP during the reac- 
tion. Solvent oxygen is not incorporated. The data are consis- 
tent with a mechanism shown in Fig. 1, in which the formyl 
group is phosphorylated by ATP to provide a good leaving 
group for attack by the 10-nitrogen. The mechanism in some 
respects is similar to that catalyzed by N~°-formyltetrahydro- 
folate synthetase in which ATP is used to phosphorylate for- 
mate before attack by the N-10 of tetrahydrofolate. 
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